Colloidal quantum dots (cQDs), or semiconductor nanocrystals, are highly versatile building blocks that combine size-tunable optical properties with low-cost wet-chemical processing.^[@ref1],[@ref2]^ High quantum yields (\>90%)^[@ref3]^ and spectrally narrow emission throughout the visible-near-infrared range^[@ref4]^ have placed cQDs among the highest color-quality emitters available, while at the same time outperforming most organic emitters in terms of photostability.^[@ref5]^ A number of cQD-based display^[@ref6],[@ref7]^ and lighting technologies^[@ref8]−[@ref10]^ have recently emerged, while backlit display systems have already entered the market.^[@ref11]^ With internal conversion efficiencies of cQDs approaching unity, the light-extraction efficiencies from cQD films have become the limiting factor in terms of brightness. As is inherent to such high refractive-index layers, a significant portion of the emission undergoes internal reflection and gets trapped into waveguiding modes, leading to reabsorptive losses and reduced brightness. To overcome this issue, research efforts are increasingly shifting toward the development of nanophotonic light-management strategies that improve the out-coupling from these materials.

A number of successful photonic strategies for enhanced extraction of cQD emission have been developed recently. These include, for example, external out-coupling schemes in which the cQDs are coupled to plasmonic^[@ref12]^ or photonic-crystal^[@ref13]^ structures or are embedded in photonic microcavities.^[@ref14]^ While these external out-coupling schemes can provide strongly enhanced^[@ref15]^ and highly directional^[@ref12]^ extraction of cQD emission, it remains challenging to achieve these characteristics without significantly increasing the complexity of the overall system. A conceptually more straightforward approach would be to pattern the high refractive-index cQD film directly. Direct patterning of the light-emitting layer has been successfully applied in organic light-emitting polymers, for example, by structuring the surface with linear or circular Bragg gratings.^[@ref16],[@ref17]^

Bragg scattering of waveguided light leads to constructive interference of emission in the out-of-plane direction when the in-plane momentum is conserved. The angle of out-coupling θ with respect to the surface normal for a given emission wavelength λ~em~ and a grating periodicity Λ is then governed by the Bragg condition, given bywhere *k*~0~ is the wavevector of the outcoupled light, *k*~wg~ is the wavevector of the waveguided light, *k*~g~ is the Bragg vector, *n*~eff~ is the effective refractive index of the waveguide mode, and *m* is the diffraction order. Hence, first order diffraction allows waveguided light to scatter in the out-of-plane (θ = 0) normal direction when λ~em~ = Λ·*n*~eff~. In a circularly symmetric bull's-eye grating, where momentum matching is satisfied for each radial direction, this results in a distinct beaming of fluorescence from the center of the structure.^[@ref18]^ Additionally, while the first-order diffraction couples the emission out vertically, the second-order diffraction can provide in-plane feedback, a concept that has been successfully employed to construct surface-emitting Bragg lasers.^[@ref19]^

The fabrication of Bragg gratings requires high-quality subwavelength patterning of the surface of the light-emitting film. In organic films, Bragg gratings have been fabricated using, for example, soft lithography or stamping.^[@ref16],[@ref19],[@ref20]^ Even though cQDs profit from many of the advantages of solution processability, few methods exist to produce patterned assemblies with submicron resolution.^[@ref21]^ Inkjet^[@ref22]^ and electrohydrodynamic^[@ref23]^ printing techniques have been developed to produce patterned films and are capable of achieving submicron resolution. However, the structural definition of taller structures is poor for these techniques, making them unsuitable for high-quality photonic Bragg gratings. Soft lithography and stamping techniques do exist for cQD solids,^[@ref7],[@ref24]^ but submicron resolution is challenging. In particular, the reduced structural cohesion of cQD solids as compared to most organic materials makes patterning of cQD solids using soft lithography more prone to pattern distortion. Pattern definition using electron beam lithography in combination with lift-off techniques would potentially allow for higher-resolution patterning of taller structures.^[@ref25]^ However, while such techniques have yielded patterned cQD films for electronic applications^[@ref25]^ photonic structuring has not yet been reported. Finally, alternative strategies for printing,^[@ref26]^ patterning,^[@ref27]^ and soft-lithography^[@ref28],[@ref29]^ have been developed using matrix-embedded cQD films, though the use of such composite films has the distinct disadvantage of diluted emitter concentration, which inevitably places limitations on the emission intensity.

Here, we present a new methodology for the direct patterning of cQD assemblies using template stripping, yielding significant improvements in the out-coupling efficiency of cQD emission using surface-patterned bull's eye gratings. Our fabrication method is similar to template stripping techniques used to fabricate patterned metal films^[@ref30]^ and macroscale assemblies of plasmonic nanoparticles.^[@ref31]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows a schematic of the process. Patterned silicon templates are fabricated using standard electron-beam lithography and reactive ion etching and are subsequently coated with a self-assembled monolayer using a previously reported^[@ref32],[@ref33]^ octadecyltrichlorosilane (ODTS) treatment (see [Methods](#sec2){ref-type="other"} for details). The cQDs are then drop-cast onto the template to form a dense and continuous layer. In the next step, a glass backing substrate is attached to the colloidal film using an ultraviolet-curable epoxy. In a final step, the colloidal film is mechanically peeled off the template to expose the patterned surface defined by the template. The template can be reused after a simple cleaning procedure. The use of the high-quality self-assembled monolayer on the silicon template is essential to the success of this technique. Template stripping relies on a well-defined "weakest link" in the layer stack. Without the self-assembled monolayer, the adhesion between the cQDs and the template would be competing with the cQD--cQD adhesion in the film itself.^[@ref7]^ Using our technique, lateral feature sizes as small as 100 nm are achievable, while feature heights as tall as 100 nm were reproducibly obtained (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b03212/suppl_file/nl6b03212_si_001.pdf)).

![(a) Schematic of the template-stripping technique for fabricating surface-patterned cQD films. (b) Photograph of ultraviolet-illuminated patterned films of red-, green-, and blue-emitting cQDs that were fabricated using template stripping. On the left-hand side, the corresponding templates of 2 × 2 cm each are shown. (c) Fluorescence microscopy image of an array of bull's-eye gratings of 300 concentric circles each on a red-emitting cQD film. The pitch of these gratings varies from Λ = 550 nm on the left to Λ = 300 nm on the right with 50 nm decrements. (d,e) Scanning electron micrographs at different magnifications of a bull's-eye grating with a pitch of 550 nm. Scale bars are 2 μm and 200 nm.](nl-2016-03212w_0001){#fig1}

Making use of the size-tunable character of the quantum dots, films of different colors can be prepared. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b shows a photograph of ultraviolet-illuminated patterned films of red-emitting CdSe/CdZnS (λ~em~ = 622 nm), green-emitting CdSe/CdZnS (λ~em~ = 526 nm), and blue-emitting CdS/ZnS (λ~em~ = 460 nm) core/shell cQDs that were fabricated using template stripping. On the left-hand side, the corresponding templates of the three films are shown. The absence of fluorescence from the central region of the template demonstrates that the films are stripped completely. The pattern transfer is highly uniform across large areas and shows high fidelity down to the submicron level, as is evidenced by both fluorescence microscopy imaging ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) and high-resolution scanning electron microscopy ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d,e) of bull's-eye grating structures at the surface of a red-emitting cQD film.

The bull's-eye gratings shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c show a clear pitch-dependent intensity of the spontaneous emission. The substrate contains an array of gratings, each with 300 concentric circles and a 50% fill factor. These structures are patterned onto the surface of a 50 nm thick red-emitting cQD film (λ~em~ = 622 nm). From left to right, the grating pitch varies from Λ = 550 to 300 nm with 50 nm decrements. The brightest emission in the low numerical aperture image (N.A. = 0.06) is observed for the circular grating with a pitch of Λ = 400 nm, indicative of Bragg scattering of waveguided light along the surface normal. Before discussing the out-coupling enhancement and the improved brightness of our films, we first focus on the angular dependence of the Bragg scattering for the different pitches.

To obtain more insight into the angular dependence of the emission from the different bull's-eye gratings, we performed k-space imaging with high numerical aperture (N.A. = 0.8) light collection. Normalized k-space color maps taken at the center of the bull's-eye gratings of different pitches (Λ between 500 and 300 nm) are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, and vertical line traces across the center of the k-space maps are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b (for Λ = 400, 450, and 500 nm). Indeed, the enhanced emission for the bull's-eye grating with pitch Λ = 400 nm is centered at small k-vectors, indicating fluorescent beaming in the surface-normal direction. The resonant out-coupling occurs at different angles for both smaller and larger pitches, resulting in the observed donut-like emission patterns in k-space, with the pitch dependence of the angle of out-coupling following the Bragg condition given by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} (see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b03212/suppl_file/nl6b03212_si_001.pdf)). From the full-width-at-half-maximum (fwhm) of the Λ = 400 nm line-trace in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b we measure the divergence of the beam to be 10.6°.

![(a) Normalized *k*-space color maps of fluorescent emission from the right-most five bull's-eye gratings of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c (Λ = 500--300 nm). Dashed white lines indicate the numerical aperture of the objective (N.A. = 0.8). (b) Vertical line traces at *k*~*x*~/*k*~0~ = 0 through the *k*-space color maps of the left most three panels of panel a (Λ = 500, 450, and 400 nm). Traces are normalized to the maximum nonresonant intensity. (c) Normalized spectral-angular color map of the Λ = 400 nm bull's eye grating. Dashed white lines are fits to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} (see text for details). (d) Enhancement of fluorescence out-coupling from the Λ = 400 nm bull's eye grating as compared to the nonresonant case, as a function of the collection cone (see inset for schematic).](nl-2016-03212w_0002){#fig2}

The width of the divergence is partially a result of spectral broadening of the resonance. The full spectral-angular response of the Λ = 400 nm bull's eye grating is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. This spectral--angular color map is obtained by dispersing the *k*-space line trace of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b using an imaging spectrograph. Despite the narrow emission line width of the cQD ensemble, it is clear that distinct variations in the emission angle are present across the width of the emission spectrum. The shifting of the resonance as a function of wavelength can be fitted to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, using the effective refractive index (*n*~eff~) of the waveguided mode as the only fit parameter. Good agreement is found for *n*~eff~ = 1.6 ± 0.1, as can be seen from the dashed white lines in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. This value for *n*~eff~ is reasonable considering the sample geometry and the refractive index of our cQD material (*n* = 1.8), as confirmed by simulations of the photonic band structure (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b03212/suppl_file/nl6b03212_si_001.pdf)). At the point of narrowest divergence, located at 638 nm, the divergence measures a fwhm of 6.1°. It is interesting to note that this value for spectrally resolved divergence approaches those reported for cQD ensembles coupled to circular plasmonic gratings, where a divergence of 3.5--4.5° was recently reported.^[@ref34],[@ref35]^

Aside from controlling the directionality of emission, our simple surface patterning strategy dramatically enhances the overall brightness of the cQD films. To quantify this, we compare the angular emission profile from the Λ = 400 nm bull's-eye grating (see red line in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) with the experimentally obtained angular emission profile from the nonresonant background. The out-coupling enhancement factor as a function of the collection cone is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. Integrated over a wide collection cone (\>100°), our patterned film emits almost twice as much as compared to the unpatterned case. Moreover, in the direct out-of-plane direction, the strong beaming effect results in over 6-fold enhancement of out-coupling. It is important to note that these values are hemispherical enhancement factors. Further improvements in the directionality can be achieved using for example back reflectors (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b03212/suppl_file/nl6b03212_si_001.pdf)).

Beyond the out-coupling enhancement of spontaneous emission, our bull's-eye gratings also enable significantly improved stimulated emission characteristics. As previously mentioned, Bragg grating structures can provide both enhanced out-coupling through the first-order diffraction, as well as feedback in the in-plane direction through second-order diffraction. To promote efficient in-plane feedback, we have fabricated bull's-eye gratings using slightly thicker films (100 nm) to provide better confinement of the waveguide mode. Indeed, under increasing excitation power we observe a clear transition from spontaneous emission to stimulated emission. This transition is characterized by a distinct spectral narrowing and sharp increase in the output power of the emission, an example of which is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a for a red-emitting Λ = 374 nm bull's-eye grating. The spectral narrowing results in a single-mode emission peak at 638 nm (*n*~eff~ = 1.7) with a line-width of 0.7 nm (2 meV) and a total intensity increase of over an order of magnitude before reaching saturation (see inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Spectral changes are accompanied by a reduction in the beam divergence from around 10° (174 mrad) for spontaneous emission down to 0.6° (10 mrad) for lasing, as can be seen from the *k*-space map in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. The lasing from these structures exhibits low thresholds, consistently below 150 μJ/cm^2^ and in some cases as low as 110 μJ/cm^2^. These thresholds are comparable to those obtained using more complex microcavity structures or external distributed feed-back schemes.^[@ref29],[@ref36],[@ref37]^ Low-threshold lasing is indicative of efficient in-plane feedback and low-loss waveguiding and is therefore a further confirmation of the high structural fidelity of our patterned films.

![(a) Normalized emission spectra of a red-emitting Λ = 374 nm bull's-eye grating below (gray line) and above (red line) the stimulated emission threshold. Inset: Total emission intensity as a function of energy density of the pump excitation, showing a clear threshold for stimulated emission at 120 μJ/cm^2^ for this structure. (b) *k*-space color map on a logarithmic intensity scale of the emission of a bull's-eye grating above the lasing threshold, indicating the fwhm divergence of 0.6°. Dashed white lines indicate the numerical aperture of the objective (N.A. = 0.8).](nl-2016-03212w_0003){#fig3}

An interesting aspect of the template stripping method is the ability to release the epoxy layer together with the patterned cQD film from the glass substrate using a razor blade. The resulting freestanding flexible structure ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) maintains the optical characteristics in terms of enhanced out-coupling as well as distributed feedback lasing. To demonstrate this, we illuminate one of the bull's-eye gratings on a flexible substrate above the lasing threshold and project the resulting beam onto a white card, as is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. Consistent with the highly directional emission from these structures, a clear circular beam with a Gaussian profile is observed. Whereas earlier reports of flexible cQD lasers required relatively high pump fluences,^[@ref38]−[@ref40]^ our template stripping method provides a straightforward route to low-threshold, single mode, and flexible lasing sources that may further facilitate their application in spectroscopic assays, as well as future projection and display technologies.^[@ref41]^

![(a) Photograph of an ultraviolet-illuminated flexible film of red-emitting cQDs with an array of surface-patterned gratings. (b) Photograph of the lasing beam emitted from a bull's-eye grating (Λ = 374 nm) on the flexible film when illuminated above lasing threshold (210 μJ/cm^2^).](nl-2016-03212w_0004){#fig4}

As a final demonstration of the versatility of the template stripping method, we fabricated bull's eye gratings with different pitches onto a mixed red-green-blue (RGB) cQD film to provide color tuning of spontaneous emission through spectrally selective out-coupling. This combined spectral tunability of both the cQD building block as well as the photonic grating structure is a unique feature of our wavelength-scale patterned of cQD films. A fluorescence image of the resulting structures is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. The emission from the unpatterned film in the background consists of a mix of the three individual colors to make up the spectrum displayed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. Each of the patterned Bragg gratings enhances a select portion of the emission spectrum of the mixed film in the surface-normal direction, leading to the varying colors observed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a and the corresponding spectra shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. Effectively, the different patterns shift the color gamut of the out-coupled light from the mixed RGB film (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b03212/suppl_file/nl6b03212_si_001.pdf) for more details). The green and red color channels are most widely tunable, whereas tuning of blue channel is less effective. This is perhaps not surprising because the higher energy blue emission in the mixed film experiences more losses due to reabsorption by red and green dots. Reabsorption leads to reduced waveguiding, less interference, and thus less enhancement of the out-coupling through the first-order Bragg diffraction. A potential solution to reabsorption losses is to use Stoke-shift engineered cQDs,^[@ref42]^ where significant absorption for each color only occurs at wavelengths shorter than 450 nm (i.e., at energies above the blue emission spectrum). Nevertheless, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, significant color shifts can be achieved for the different Bragg patterns with the current mixed films.

![(a) Fluorescence microscopy image of an array of bull's-eye gratings patterned into a RGB-emitting mixed cQD film with 300 rings each and a pitch decreasing from top to bottom in 25 nm steps from Λ = 400--275 nm. (b) Emission spectra of the unpatterned and patterned RGB-emitting mixed cQD film (N.A. = 0.2).](nl-2016-03212w_0005){#fig5}

The demonstrated spatially and spectrally selective out-coupling of emission provides new levels of control over the optical properties of cQD assemblies. While previous strategies required complex photonic crystal^[@ref13]^ or plasmonic^[@ref43]^ structures to achieve such photonic control, the presented method of high-resolution direct patterning provides a straightforward and cost-effective route toward flexible devices with enhanced and directional out-coupling of emission. In particular, the out-coupling enhancement of spontaneous and stimulated emission from patterned films has direct technological relevance in the use of cQD assemblies in optical down-conversion for backlight displays,^[@ref11]^ LEDs,^[@ref6]^ and single-mode surface-emitting lasers.^[@ref41]^

Methods {#sec2}
=======

Template Fabrication {#sec2.1}
--------------------

Patterned silicon (100) templates were fabricated using standard e-beam lithography and reactive ion etching techniques (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b03212/suppl_file/nl6b03212_si_001.pdf) for details). Patterned templates were cleaned using O~2~ plasma (600W, 3 min.) and piranha treatment (1:1 H~2~O~2~/H~2~SO~4~, 15 min.). The templates were subsequently coated with a dense self-assembled monolayer (SAM) using a previously reported octadecyltrichlorosilane treatment.^[@ref32]^ The resulting hydrophobic surface yields a contact angle \>110°.

Template Stripping {#sec2.2}
------------------

Red-emitting CdSe/CdZnS (λ~em~ = 622 nm), green-emitting CdSe/CdZnS (λ~em~ = 526 nm), and blue-emitting CdS/ZnS (λ~em~ = 460 nm) core--shell quantum dots were synthesized based on previously reported procedures (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b03212/suppl_file/nl6b03212_si_001.pdf) for details).^[@ref44]−[@ref47]^ All three cQD systems have a comparable total core--shell particle diameter of approximately 10--12 nm. Special care was taken in the isolation of the quantum dots to remove unreacted material and excess ligands, since this significantly improves the homogeneity of drop casting in the following step and the ability to clean the templates for future use. cQDs were drop-cast from 9:1 hexane/octane solutions with optical densities (1 cm optical path length) at the first excitonic peak of 2.0 (red and blue) and 6.0 (green), using 35 μL for a 20 × 20 mm template size. Mixed RGB films were prepared using a ratio of 1:3:15 of red, green, and blue solutions in 9:1 hexane/octane of before mentioned optical densities. Using these drop-cast conditions, a cQD backing-layer of ∼50 nm thickness is formed on top of the patterns. Red-emitting films for lasing were prepared from a solution with an optical density of 4.0 to achieve thicker backing-layers of ∼100 nm for improved feedback of the waveguided mode. Template stripping was performed by placing a drop of epoxy (NOA 61, Norland Products) on the cQD film after drying and gently placing a glass slide on top. The epoxy was allowed to flow toward the edges of the template until only the corners were free, after which it was cured with a 365 nm UV lamp for 30 min. After curing, the silicon template was separated from the cQD/epoxy/glass stack by placing a razor blade between the silicon template and the glass slide at one of the corners of the template, thereby exposing the patterned cQD film. For freestanding flexible films of cQDs on epoxy, a razor blade was used to separate the epoxy layer from the glass slide. Templates can be cleaned for future use through ultrasonication in chloroform for 5 min. The SAM maintains sufficient quality for 10--15 drop casts, although best results are generally obtained with freshly prepared SAMs. An O~2~ plasma (600 W, 10 min) and piranha treatment (1:1 H~2~O~2~/H~2~SO~4~, 15 min.) can be used to remove the SAM, making the template ready for a new octadecyltrichlorosilane treatment.

Fluorescence Microscopy {#sec2.3}
-----------------------

Optical characterization was performed using an inverted microscope (Nikon, TE200) equipped with a high-pressure mercury lamp (365 nm excitation). Fluorescence was collected using a 2× (N.A. 0.06) or 10× objective (N.A. 0.2), relay optics (focal length of *f* = 100 mm) and an imaging spectrograph (Horiba, Triax 320, 150 gr/mm grating) equipped with a nitrogen-cooled CCD detector (Princeton Instruments, Spec-10). Fluorescence microscopy images were recorded using a Nikon D3200 digital camera (white balance 3500K). For *k*-space imaging, fluorescence was collected using a 50× objective (Nikon, TU Plan Fluor, N.A. 0.8) and a 60 mm Fourier lens was used to project the back aperture of the objective onto the entrance slit of the imaging spectrograph. The *k*-space color maps were recorded using a fully opened slit and zero dispersion. Spectral-angular color maps were recorded using a 25 μm slit opening and spectral dispersion using a 150 gr/mm grating.

Lasing Experiments {#sec2.4}
------------------

The 450 nm pulses (∼340 fs pulse duration, 1 kHz repetition rate) were generated by a collinear optical parametric amplifier (Spectra-Physics, Spirit-OPA) pumped by a 1040 nm pump laser (Spectra-Physics, Spirit-1040-8). After appropriate spectral filtering, the beam was directed through a gradient neutral density filter wheel to adjust the pulse power (Thorlabs, NDC-50C-2M-B). After beam expansion and collimation, a small portion of the beam was directed to a photodiode to monitor the pump power (Thorlabs, DET110). The rest of the beam was passed through a defocusing lens (*f* = 150 mm) into an inverted microscope (Nikon, Eclipse Ti-U). The beam was then directed upward to the sample using a 488 nm long pass dichroic beamsplitter through a 50× air objective (Nikon, TU Plan Fluor, N.A. 0.8). The defocusing lens was adjusted to provide a spot size of ∼90 um. The spot size was determined from the image of the photoluminescence from a flat portion of a film of template-stripped cQDs. To best approximate the defocused intensity profile, the cross-section of the spot was fitted with the sum of two Gaussian functions and the full width at half-maximum was determined numerically. The excitation power density at the sample was monitored by correlating the power meter reading above the objective at the sample plane (Thorlabs, S170C with PM100D) with the current reading from the photodiode. Photoluminescence from the sample was collected by the same objective and directed through the dichroic beamsplitter, a 500 nm long pass emission filter, and relay lenses (*f* = 200 mm) into an imaging spectrometer (Andor, Shamrock 303i). For *k*-space imaging of the lasing, the lens for focusing into the spectrometer was replaced by a combination of an *f* = 50 mm lens and an *f* = 60 mm lens. The photoluminescence was dispersed with a 300 lines/mm grating (500 nm blaze) and imaged with an air-cooled electron-multiplying CCD camera (Andor, iXon 888 Ultra).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.6b03212](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b03212).A detailed discussion on the experimental methods and analysis ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b03212/suppl_file/nl6b03212_si_001.pdf))
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